OBJECTIVE: Following several reports of linkage of obesity related phenotypes to human chromosome 20q we sought to determine whether variations of the melanocortin 3 receptor (MC3R) gene are associated with obesity. DESIGN: We screened the MC3R gene coding region and approximately 2 kb of 5 H and 3 H¯a nking sequences for DNA variants in unrelated extremely obese women and average weight controls using polymerase chain reaction (PCR) single strand conformation polymorphism (SSCP) analysis and DNA sequencing. SUBJECTS: 124 unrelated extremely obese women (body mass index, (BMI) ! 40 kgam 2 ) and 85 average weight controls (BMI`27 kgam 2 ). MEASUREMENTS: Radiation hybrid (RH) mapping was performed to localize the MC3R gene. 5
Introduction
Obesity is a very common disorder, and the genetic pathogenesis is complex, with more than one hundred candidate genes or regions implicated. 1 Recently, there has been some convergence of positive linkage results for human chromosome 20q13 and the homologous region for mouse chromosome 2.
2 ± 6 The human melanocortin 3 receptor (MC3R) is a single exon gene encoding a protein of 360 amino acids (1083 nucleotides, Genbank L06155) that has been mapped to this region (20q13.2-q13.3) using¯uores-cence in situ hybridization (FISH). 7 MC3R belongs to a family of G-protein coupled melanocortin receptors, ®ve of which have been cloned. 8 ± 13 MC1R is expressed in skin (melanocytes) and pituitary, MC2R in adrenal cortex, and MC5R in several different organs including endocrine glands and adipose tissue. The MC3R is mainly expressed in brain and placenta, and MC4R is only expressed in brain. 14 The agouti signaling protein (ASIP) mutant and the wild type agouti related protein (AGRP), when ectopically expressed, produce obesity through their competitive antagonism of MC4R, blocking the anorectic action of a-melanocyte stimulating hormone (a-MSH). 15 Several MC4R frameshift mutations have been found in human obesity. 16, 17 Recently, Yang et al 18 showed that ASIP is also an antagonist of MC3R. Based on its similar structure, MC3R may have a similar role normally, and thus mutations in the gene may play a role in the pathogenesis of obesity.
Based on location as well as biology, MC3R is a plausible candidate gene for obesity. In order to test for a possible role for the MC3R in human obesity, we constructed a radiation hybrid (RH) map of the region, cloned approximately 1.3 Kb of 5 H and 0.7 Kb of 3 H anking region and screened MC3R variants in extremely obese women and average weight female controls by polymerase chain reaction-single strand conformation polymorphism (PCR-SSCP) and DNA sequencing.
Materials and methods

Subjects
One-hundred and twenty-four unrelated extremely obese women (BMI ! 40 kgam 2 ) were selected from obesity families, including those used for a genome scan. 4 Most of these women had at least one ®rst degree relative with a BMI ! 30 kgam 2 . 19 In addition, DNA from 85 average-weight (BMI`27) control subjects was examined. This control sample was selected without regard to family history of obesity. Both obese and control groups contained Caucasians as well as African-Americans ( H¯a nking sequences were identi®ed by direct sequencing on maxiprepped (QIAGEN, Valencia, CA) BAC DNA using primers derived from the coding region sequence. Flanking sequences were then used to design primers for amplifying the complete MC3R coding region.
DNA extraction
DNA was extracted from blood samples using a high salt method. 20 20 ng DNA was used for PCR ampli®cation.
PCR-SSCP
PCR primers were designed according to the MC3R gene coding sequences 10 as well as 5 H and 3 H¯a nking sequences. The primers were end-labeled using T4 polynucleotide kinase (New England Biolabs, Beverley, MA) and 33 P-ATP (Amersham±Pharmacia, Arlynton Heights, IL). Ten ml PCR reactions (20 pmol primers, 1.5 mM MgCl 2 , 0.625 U Taq DNA polymerase, Sigma) were performed using the following conditions: denature at 95 C 5 min, followed by 94 C 1 min, 55 C 2 min, 72 C 2 min for 2 cycles, then 94 C 30 s, 55 C 45 s, 72 C 30 s for 34 cycles, and 72 C extension 7 min. After denaturing for 5 min, 3 ml PCR products were loaded onto a 0.5X MDE gel (FMC, Rockland, ME) and subject to 2 W electrophoresis at room temperature for 14 h. Selected samples with shifted bands were re-ampli®ed in 100 ml volume, PCR products were puri®ed using QIAquick PCR Puri®cation Kit (QIAGEN, Valencia, CA) and sequenced with an ABI 377 automatic DNA sequencer (by the Genetics Core Facility at the University of Pennsylvania).
Results
Subjects
As shown in Table 1 , the mean BMI of extremely obese women was over 50 kgam 2 , and for averageweight women, less than 23 kgam 2 . Within the extremely obese group, 100 were Caucasians and 24 were African-Americans. In the control (average weight) group, 58 were Caucasians and 27 were AfricanAmericans.
Sequences of the 5
H¯a nking region and 3 H UTR of the MC3R gene We cloned and sequenced 1083 bp 5 H and 653 bp 3 H anking sequences of the MC3R gene. The sequence is presented in Figure 1 .
Radiation hybrid (RH) mapping
RH mapping data was submitted for analysis to the Stanford Human Genome Center (SHGC) RH server using the URL: http://wwwshgc.stanford.edu/ RHarhserverformnew.html. RH mapping con®rmed the localization of MC3R to distal chromosome 20q, 
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between markers D20S100 and D20S149, with closest linkage to marker D20S775 (6 cR_10,000; LOD 16). This localization places MC3R close to one of three peak linkages in 20q13, near the marker D20S149.
Mutation in MC3R coding region
A common missense mutation (nucleotide 241, codon 81, ATT 3 GTT, Ile 3 Val) was found in the MC3R coding region. We found heterozygous and homozygous variants in both extremely obese and control women. (Table 2 and Table 3 )
Variability in 5
H¯a nking region Four more sequence variants were detected in 5 H¯a nking sequences: 7201(C 3 G), 7239(A 3 G), 7762(A 3 T) and 7769(T 3 C). No sequence variants were found in the 3 H region. The frequencies of these polymorphisms are shown in Table 2 . No signi®cant allele frequency differences (P`0.05) were found between extremely obese women and those of average weight. The 7762 polymorphism was the only one with a marginal difference between cases and controls, however, it did not reach signi®cance.
Racial differences
Four variants (241, 7201, 7239 and 7762) showed differences in allele frequencies between races. (Tables 3 and 4 ) 241, 7239 and 7762 polymorphisms occurred more frequently in AfricanAmericans, and the 7201 polymorphism was more common in Caucasians. , has been labeled in Figure 1 in bold). 
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Discussion
Linkage studies have identi®ed a region containing one or more obesity susceptibility genes on human chromosome 20q12 to 20q13.3. Lembertas et al 2 and Mehrabian et al 3 have localized a quantitative trait locus (QTL) for obesity on mouse chromosome 2 (Mob5), and sibling pair analyses of Quebec families found a suggestive linkage in the interval between the ADA and MC3R genes in the homologous region of human chromosome 20q. 2 A genome scan and subsequent saturation mapping by our group 4 found linkage to several markers on 20q13. There are at least two other mouse obesity models which map to this same region. 5, 6 Our RH mapping indicated the MC3R gene is located between D20S100 and D20S149, with the closest marker being D20S775. This localization places the gene close to one of our peak linkages in 20q.
Several mutations have been found by others in melanocortin receptors. Two nucleotide substitutions in MC1R can cause melanoma due to UV-induced skin damage. 21, 22 Several other missense and a nonsense mutations in MC2R yielded a glucocorticoid de®ciency phenotype. 23 ± 27 Recently, two groups reported that frameshift mutations of the MC4R gene were associated with dominantly inherited human obesity. 16, 17 Another linkage study found moderate associations between MC4R and MC5R and obesityrelated phenotypes in Quebec families. 28 In the MC3R coding region, we found one missense mutation (nucleotide 241, codon 81, ATT 3 GTT), causing an Isoleucine 3 Valine amino acid change. The MC3R gene has 7 transmembrane regions, and codon 81 is located in the ®rst transmembrane helix. Isoleucine and Valine are both neutral and hydrophobic and have side chains differing by only one methyl group. It appears unlikely that this polymorphism would have functional consequences. Moreover, there were no frequency differences between cases and controls. Unlike MC4R, no frame-shift mutation was found in this study.
Four other polymorphisms were found in the 5 H anking region. The region we examined was suf®-ciently long (1336 bp) to include promoter sequence. We used the MatInspector program (V2.2) 29 to predict potential binding sites in the 5
H¯a nking sequence. The 7239 polymorphism may affect a GATA box, however, the site may be too far upstream to be a functional transcription factor binding site, and functional assays will be required to evaluate its signi®-cance. The 7239 variant is also relatively rare and more samples will be required (especially homozygous subjects) to assess its possible contribution to obesity.
Although our genome scan 4 and RH mapping placed the MC3R gene in the critical region of chromosome 20 linkage, and several other melanocortin receptor mutations were found associated with obesity, the variants we identi®ed in the MC3R gene are unlikely to be key factors in human body weight control in extremely obese women. We cannot rule out the possibility that some of these polymorphisms may in¯uence the normal range of adiposity. We also note that our sample size has limited power for detecting associations to quantitative trait loci, which may have relatively small effects on phenotype.
We found signi®cant race differences in the frequencies of four of the ®ve polymorphisms we detected. Three of the four were more common in African-Americans, consistent with the greater variability expected in African groups [see for example, reference 30]. These differences should reinforce the importance of controlling for race and ethnicity in association studies, since population strati®cation for genotype and phenotype can produce spurious associations. 31 In summary, we found one coding region mutation and four 5
H¯a nking region variants in extremely obese women, as well as normal controls. It is suggested that these sequence variants may not contribute to the extreme obesity phenotype.
